The cleaning of Al, TiN, and Cu blanket samples was investigated in a high density inductively coupled plasma reactor, and compared with results for silicon. After simulating the dielectric overetch exposure of these substrates to a CHF 3 discharge, an in situ O 2 plasma clean and subsequent Ar ϩ premetal sputter clean were performed and evaluated using ellipsometry and x-ray photoelectron spectroscopy. Following the fluorocarbon exposure, significant C and F residues were observed. Exposure to a O 2 plasma clean greatly reduced this contamination. Subsequent treatment with an Ar ϩ sputter further reduced the thickness of the modified surface layer. Comparisons of the cleaning results with silicon suggest an efficient cleaning procedure, especially in the cases of copper and titanium nitride. The response of several blanket, oxide-like low-K dielectrics to the O 2 plasma treatment were also studied and compared to SiO 2 . While a fluorinated SiO 2 ͑SiOF͒ exhibited SiO 2 -like stability, deep modifications were observed in both hydrogen silsesquioxane and methyl silsesquioxane, consistent with the removal of hydrogen and carbon from these films. These results were compared to a dedicated chamber design, where no fluorocarbons contaminate the reactor. The dedicated chamber methodology offered no significant advantage.
I. INTRODUCTION
With the evolution of feature sizes to submicron dimensions, RC delay becomes a critical factor in the overall performance of logic chips based on multilevel interconnect designs. There are two conventional ways of reducing the RC delay, one of which is to reduce the resistivity in the metal lines. To achieve this, interconnect metals with lower resistivity can be implemented. The current methodology for producing such integrated circuits involves a damascene approach wherein the features are first etched in a dielectric. Then, after a premetal clean, these trenches and vias are filled with the appropriate liner and metallization. This procedure is repeated for each metallization layer. Producing a clean interface between these metallization layers reduces the contact resistance of the plugs, and hence the overall resistivity of the line. In this work, we will address both aluminum and copper thin films, which are important interconnect metals. We will then compare the results with silicon, for which several evaluations of O 2 plasma and Ar ϩ sputter cleaning have been made. [1] [2] [3] Diffusion of Cu or Al into the Si or SiO 2 makes it imperative to use a diffusion barrier. TiN has proven effective in preventing this diffusion. [4] [5] [6] [7] We therefore include TiN films in our study. The other conventional way of reducing RC delay is to use a dielectric material of a lower dielectric constant ͑K͒, hence reducing the capacitance between the metal lines. We have investigated several oxide-like dielectrics: a fluorinated SiO 2 ͑SiOF͒, hydrogen silsesquioxane ͑HSQ͒, and methyl silsesquioxane ͑MSQ͒. We have tested their stability under exposure to a O 2 plasma clean and compared these results to a conventional thermal SiO 2 . Each of these dielectrics offers a dielectric constant considerably lower than the Kϭ3.9 exhibited by the conventional thermal oxide. More information of these dielectrics is available in a companion publication. 8 A schematic of the processing steps required for this work is shown in Fig. 1 . In step 1 the contact hole is etched in the dielectric material using a fluorocarbon plasma. Following this etch step, there is a CF x residue on the structure bottom. This residue increases the contact resistance between layers and hence the overall connection resistivity. This etching process is addressed by Standaert et al. 8 Step 2 involves removing this residue with a O 2 plasma. This, in turn leaves an oxidized surface. Although the oxygen contamination is more inert than the fluorine, which can lead to chemical degradation of the metal and dielectric, 9 this oxidation still creates a high contact resistance and thus, must be removed.
II. EXPERIMENTAL SETUP AND PROCEDURE
The cleaning of the residual CF x and oxides was carried out in a planar coil inductively coupled plasma ͑ICP͒ reactor. The specifics of this reactor are explained elsewhere. 8, 11, 12 A schematic of this tool is shown in Fig. 2 .
During processing, the surface modifications were monitored in real time using a SOFIE rotating compensator ellipsometer in the polarizer-compensator-sample-analyzer ͑PCSA͒ configuration with a 638.2 nm He/Ne laser source beam. After processing, samples were transferred under ultrahigh vacuum ͑UHV͒ to a multitechnique surface analysis vessel for x-ray photoelectron spectroscopy ͑XPS͒ measurements. Some samples were selected for secondary electron microscopy ͑SEM͒ measurements after atmospheric transport.
III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Metal and barrier layers
Between metallization layers, a clean interface ensures a low contact resistance. Two relevant interconnect metals, aluminum and copper, were investigated after a cleaning procedure designed to remove the CF x residue left from the dielectric etch step. Also of related importance is the cleaning efficiency of titanium nitride, a commonly used diffusion barrier. Silicon is of importance both at the lowest level of metallization and as a reference for comparing the cleaning efficiency of the other materials.
Silicon
The modifications on the silicon surface were monitored in real time with ellipsometry during each phase of the processing steps depicted in Fig. 1 . These results are presented in Fig. 3 in terms of the ellipsometric variable delta as a function of time. In this case, a decrease in delta represents an increase in the thickness of a modified surface layer. The conductivity of the c-Si results in its semi-infinite appearance to the 632.8 nm source beam, and insures that all observed modifications are taking place on the Si surface, since the silicon thickness change cannot be detected. At time ͑a͒, a 1400 W 6 mTorr 40 sccm CHF 3 discharge is ignited. Immediately, a thick fluorocarbon layer is formed on the Si surface. At time ͑b͒, a 200 W bias is applied to the sample. The induced ion bombardment quickly etches away the CF x film until only a thin steady state CF x layer and a thin reacted Si layer remain. 12 The plasma is then extinguished and the chamber evacuated until at time ͑c͒ a 1000 W 6 mTorr 40 sccm O 2 plasma is started. At this time, the fluorocarbon layer is quickly removed from the reacted Si surface and an oxide layer begins to grow. At time ͑d͒, an Ar plasma is ignited and 80 W radio frequency ͑rf͒ bias ͑corresponding to 25 V bias voltage͒ is applied to the sample. This ion bombardment removes the oxide and reacted layer until the bare Si surface is recovered.
We observe that the oxide layer is considerably thicker than the CF x mixed layer. A previous work describes the CF x layer on Si in great detail. 12 XPS data were taken at each step of this process, and these results are shown in Figs. 4 and 5. The lowest curves in Fig. 4 depict the state of the sample after a HF dip, i.e., with the native oxide removed. Steps 1-3, as depicted in Fig. 1 , are then presented with each successively higher curve. Reference binding energies for the curve fits are marked by the vertical dotted lines, and are listed in the Appendix. Fits were obtained by constraining the full width at half maximum ͑FWHM͒ and binding energies. Comparing the post-Ar ϩ sputter stage with the HF dipped reference sample, we see that only a slight contamination, attributed to CF x related species, remains. More resolved Si(2p) spectra are shown in Fig. 5 . Again, panel ͑i͒ represents the reference sample, which in this case has been HF dipped to remove the native oxide. Panel ͑ii͒ illustrates the Si surface after exposure to the CHF 3 plasma, panel ͑iii͒ after the O 2 plasma clean, and panel ͑iv͒ after the final Ar ϩ sputter step. The elemental Si peak at 99.15 eV is in good agreement with values in the literature. 13 We have fitted the silicon-fluorine bonded species with a ϩ1.15 eV shift from the elemental peak for each fluorine bonded to the silicon, i.e., 100.3 eV for SiF, 101.45 eV for SiF 2 , 102.6 eV for SiF 3 , and 103.75 eV for SiF 4 . These choices give a satisfactory fit and are in agreement with several previous works. [14] [15] [16] Because we are using the fitted chemical shifts for a qualitative understanding, we have ignored the spin-orbit separation in the fitting of the elemental peak. Evidence for a Si-C bonded species at 282.7 eV for the fluorocarbon plasma treated surface was found ͑see Fig. 4͒ , 17 but ignored in the fit of the Si(2p) spectra in panel ͑ii͒. Although this compound exists, it would overlap the Si-F bonded species, making its deconvolution difficult.
The diminished intensities in panels ͑ii͒ and ͑iv͒ suggest the presence of a CF x overlayer. Although most significant after the CHF 3 exposure, such a residue is suggested by all the spectra, aside from the HF dipped reference.
The thicknesses of the modified surface layers on Si were also determined using ellipsometry. The refractive index used in the fit was nϩikϭ3.866ϩi0.028 for the Si, n ϭ1.48 for the steady state CF x layer, and nϭ1.46 for the SiO 2 -like overlayer. Such fitting yielded a steady state CF x thickness of 3Ϯ1.0 nm. The thickness of the oxide layer was determined to be 16Ϯ1.0 nm. The error reported for these measurements are primarily due to the quality of the fit, with intentional misfits used as reference. In general, the refractive index of the CF x overlayer will represent the F:C ratio of the film, i.e., more fluorinated films will exhibit a lower refractive index. 18 In this case, nϭ1.48 provided the best fit to the data.
Using photoelectron escape depth considerations, the apparent thicknesses of the modified Si surface were calculated by comparing the reacted Si(2p) peak areas with the area of the elemental Si peak, as described elsewhere. 16 This yielded a thickness of 1.1Ϯ0.3 nm for the HF dipped reference sample, 3.0Ϯ0.6 nm for the CHF 3 treated sample, greater than 10 nm for the O 2 plasma treated sample ͑determined from the complete loss of the elemental peak͒, and 1.5 Ϯ0.4 nm for the Ar ϩ treated sample. Within the error, primarily determined by the peak fits, these thicknesses are in agreement with the ellipsometrically determined thicknesses. In the case of the CHF 3 plasma exposed surface, the agreement between ellipsometric and XPS determined thicknesses suggests little if any nonreacted CF x residue on the sample surface. It is possible that some adventitious carbon does indeed lie on the surface, but we cannot support this conclusion beyond the 1 nm error in the ellipsometric calculation.
The XPS spectra presented in Figs. 4 and 5 indicate a successful clean following the final Ar ϩ sputter step. Figure 6 shows the time evolution of the ellipsometric variable delta for an Al film throughout the processing sequence as was shown for silicon in Fig. 3 . Again, the thickness of the Al layer was sufficient for it to be semi-infinite to the 632.8 nm source beam, therefore all changes in delta are resulting from the surface modification. The Al was first sputtered with Ar ϩ to remove the native oxide. At time ͑d͒, when the Ar plasma is ignited and 80 W rf bias is applied to the sample, there is an initial period of optical response of the ellipsometer to the untuned discharge, after which the oxide is sputtered away to the bare Al point. This optical response varies with the chamber pressure as the system relaxes from the plasma ignition. We observe that the steady state CF x layer and the oxide layer are of roughly the same thickness ͑ϳ5 nm͒, as opposed to the silicon processing. This can be attributed to the oxidation kinetics of Al 2 O 3 taking place at the surface thus leading to the formation of a self-passivating oxide, while for SiO 2 , diffusion of oxygen through the SiO 2 interface supports oxidation at the Si/SiO 2 interface. 19 XPS data were taken at each of step of this process, and these results are shown in Fig. 7 . The lowest curves depict the state of the sample as they were received, i.e., with native oxide and carbonaceous contamination. Steps 1-3, as depicted in Fig. 1 , are again presented with each successively higher curve. Reference binding energies for the fitted curves are marked by the vertical dotted lines, and are listed in the Appendix. The reader is also directed to Fig. 8 , where the Al(2p) region has been magnified and fitted with Gaussians representing individual chemical shifts. Panel ͑i͒ represents the ''as received'' reference spectrum, panel ͑ii͒ is after the Al has been exposed to the dielectric etch environment, panel ͑iii͒ shows the effect of the O 2 plasma clean, and panel ͑iv͒ shows the state of the Al surface after the Ar ϩ sputter step. The Al peak at 72.65Ϯ0.5 eV is consistent with several values found in the literature. 13, [20] [21] [22] [23] The spin-orbit separation is too small for us to resolve ͑ϳ0.42 eV͒, 27 so we fitted the Al(2p) doublet with one Gaussian peak. The contribution of the oxides at 73.95Ϯ0.2 and 75.25Ϯ0.2 eV are attributed to Al-O and Al 2 O 3 oxidation states, 21 ,24 although contributions from Al͑OH͒ 3 and AlOOH are supported by the O(1s) spectra, 25 and assumed present. Both these peak positions are in excellent agreement with the observed energies reported by both Carley and Roberts 21 and by Flodstrom et al. 24 The 76.45Ϯ0.5 eV peak is attributed to the Al-F x bonded species. 13 In order to fit the CHF 3 treated spectrum properly, an additional peak at ϳ77.75 eV was also necessary and we also attribute this to a fluoride contribution. 20 In the reference sample, strong oxidation and carbonaceous residues are observed, both in terms of the O(1s) and C(1s) spectra seen in Fig. 7 , and the reacted Al(2p) peak components outlined above and illustrated in Fig. 8 . Only a small fluorine signal is observed, and of this, the majority results from Al-F bonded species as seen from the 685.19 eV Al-F component of the F(1s) peak and the high energy side of the Al(2p) spectrum.
Aluminum
In the CHF 3 treated samples, there is a significant CF x overlayer. Although most of this layer is deposited on the Al surface, there are still Al-F bonds visible suggested by the low binding energy shoulder ͑ϳ685.19 eV͒ of the F(1s) spectrum and more easily seen in the Al(2p) spectra of Fig.  8 . The strong reduction in the observed O(1s) intensity suggests the efficient removal of the oxide, and this is supported by the diminished Al 2 O 3 and/or Al͑OH͒ 3 peak at 75.25 eV in the Al(2p) spectrum.
After the O 2 plasma cleaning step, a significant level of the Al 2 O 3 returns. There is substantially less fluorine in the form of C-F x bonded species, although the Al-F x component of the Al(2p) spectrum is still prominent. Further removal of both fluorine and carbon is found after the Ar ϩ sputter clean. There is also substantially less Al-F bonded species as seen in the Al(2p) spectrum of Fig. 8 .
Thicknesses of the modified Al surface can be obtained by fitting the ellipsometric data presented in Fig. 7 . Considering the refractive index of the Al substrate to be nϩik ϭ1.60Ϫi7.53 [26] [27] [28] and of the deposited CF x film to be n ϭ1.5 we obtain a steady state thickness of the fluorocarbon layer to be 2Ϯ1.0 nm. For the oxidation of the Al, we used a refractive index of nϭ1.62. 29 This gave a consistent fit in delta with a Ͻ2°shift in ⌿ and yielded a thickness of 2.7 Ϯ1.5 nm.
The XPS spectra as seen in Fig. 8 were used to determine an apparent thickness of the modified Al surface. As was done in the case of silicon, the ratio of the reacted Al to the elemental Al peak areas was used for this calculation. The density coefficient k was assumed to lie between 0.2 and 0.5 and the mean free path of the Al(2p) photoelectrons through this modified layer was assumed to be 2.5 nm. 30 Such a range of density coefficients allow a mixed layer stoichiometry from AlX to AlX 3 , where X can represent an oxygen or fluorine. These assumptions are the major source of the error in these values. For the untreated reference sample, a modified layer thickness of 5.12Ϯ1.0 nm was found. After exposure to the fluorocarbon plasma, we calculated a thickness of 4.77Ϯ1.0 nm, while the O 2 plasma treated sample yielded 5.32Ϯ1.1 nm. Finally, after the Ar ϩ treatment, the thickness was determined to be 2.55Ϯ0.8 nm. The reason for the discrepancy in thicknesses measured by ellipsometry and XPS is attributed to the bare Al point considered by the ellipsometry calculations to actually correspond to a modified surface of 1-1.5 nm.
Throughout the F(1s) XPS spectra presented in Fig. 7 , Al-F bonding is visible. The clean aluminum surface is extremely reactive, so that trace fluorine contamination in the chamber could account for such signals, especially following the final Ar ϩ sputter step. This surface contamination is also evident in the return of the bulk plasmon peak seen in Fig. 9 , but the absence of the surface plasmon at lower binding energy. 31, 32 In Fig. 9 , each data point has been averaged with the nearest two neighboring data points. Such peaks are attributed to discrete energy losses via the collective excitation of valence electrons. 24 ,33
Copper
In Fig. 10 we present the time evolution of the ellipsometric response of the Cu surface throughout the processing sequence as was shown for Si in Fig. 3 . Consistent with the Si processing, yet as opposed to Al, the oxide layer thickness is almost three times greater than the CF x damage layer thickness. It is important to note, that although the thicknesses of the modified CF x and oxide layers are both proportional to the change in delta in this region of the ⌬/⌿ plane, the constants of proportionality differ, i.e., for a given delta shift, the corresponding CF x thickness is greater than that of the oxide. The XPS spectra in been averaged with their nearest neighbors. In the case of the Cu(2p) spectra, the spin-orbit separation is much greater than the chemical shifts, and due to the cutoff at 960 eV, the reacted Cu(2p) 1/2 peaks ͑binding energy Ͼ960͒ are not seen. In Fig. 12 , the Cu(2p) 3/2 regions have been analyzed with fits of the chemical shifts. The Cu peak at 932.4 eV is in good agreement with values reported in the literature. 13, 34, 35 Moving to higher binding energies, we have fit a CuO peak at 933.45Ϯ0.5 eV, which again agrees with values reported by Pan et al. 35 and others. 13 At 934.75 eV, we have included a Cu͑OH͒ 2 peak, although we cannot distinguish this from CuCO 3 at 934.8Ϯ0.5 eV. 13 We assume, based on literature, 25, 32 that the reference sample is indeed passivated with Cu͑OH͒ 2 , while after fluorocarbon plasma exposure, the CuCO 3 may be present. The well known Cu(I) oxidation state of Cu 2 O is shifted only slightly from the elemental Cu(2p) binding energy ͑ϳ0.1 eV͒, and we have therefore left this unresolved. However, Auger analysis taken on the reference sample has clearly resolved this oxidation state. 36 The CuF 2 is fitted with two peaks, as reported in Ref. 13 , and supported by trends in the F(1s) and O(1s) spectra. They are located at 935.83 and 936.75 eV and should be considered within Ϯ0.5 eV. Finally, the shakeup satellite characteristic of Cu͑II͒ oxidation state ͑ϳ942 eV͒ 37 was fitted using three weakly constrained peaks. These peaks should therefore only be interpreted as a general indication of the CuO concentration. Although visible in all spectra, it is predominant after the O 2 plasma cleaning step.
The lack of significant reactive components to the Cu(2p) 3/2 peak after CHF 3 plasma exposure, coupled with the reduced Cu(2p) emission intensity suggests that the carbon and fluorine residue is primarily an overlayer rather than chemical reaction with the Cu. This is also supported by the F(1s) spectra, where the 687.4 eV peak suggests F-C bonded species. 13 The lack of an O(1s) intensity signifies the removal of most of the Cu-O bonded species, and this is supported by the reduced Cu͑II͒ oxidation peaks in Fig. 12 .
After the O 2 plasma treatment, the shift of the F(1s) spectrum indicates a change from F-C bonded species to F-Cu bonds ͑684.5 eV͒. There is a strong Cu͑II͒ oxidation signal, as well as what is consistent with the CuCO 3 patina at 934.8 eV. Again, we note that the Cu͑OH͒ 2 peak at 934.75 eV could also be present.
There is no observable F(1s) or O(1s) intensity after the Ar ϩ sputter step, as seen in Fig. 11 , although there is still a small CuCO 3 peak ͓seen in Fig. 12 , panel ͑iv͔͒. As with the Al, the ellipsometry data presented in Fig. 10 were fit in order to get an idea of the modified layer thicknesses. In this region of the ⌬/⌿ plane, the thickness is proportional to the change in delta. Using a refractive index of the Cu substrate of nϩikϭ0.17Ϫi21.5, 38 and of nϭ1.5 for the modified CF x layer, a thickness of 1.2Ϯ0.2 nm was obtained for the steady state CF x layer. As seen in Fig. 10 , after the CHF 3 discharge was extinguished ͑the plateau before point c͒, there was film growth attributed to postplasma fluorocarbon species depositing on the sample. The growth of this layer can be prevented by switching off the inductive power before the rf bias of the sample, and for the XPS analysis, this was done.
With a complex refractive index of nϩikϭ1.5Ϫi0.3 for the oxide film, 38 an oxide thickness of 8Ϯ2.0 nm was obtained after the O 2 plasma exposure. Although the reference referring to the oxide film did not identify the oxidation state of the copper, this value gave an acceptable fit to what our surface analysis has shown to be both CuO and Cu͑OH͒ 2 . Although we could not attain a perfect fit, by acceptable, we refer to a fit identical to the data in shape and delta variations with a Ͻ3°shift in psi. Forcing the simulated psi values to err both higher and lower than the data by 3°allowed us to assess the error in film thickness induced by the poor fit in psi. Again, apparent thicknesses of the modified copper were calculated from the Cu(2p) XPS spectra. For the as received reference sample, a thickness of 2.41Ϯ0.55 nm was found. After the CHF 3 exposure, the thickness was determined to be 1.35Ϯ0.38 nm. After the O 2 plasma step, we calculated the thickness as 9.05Ϯ0.85 nm, and after the Ar ϩ sputter, 1.28 Ϯ0.36 nm.
Referring again to Fig. 12 , it is clear that the Ar ϩ treated surface ͓panel ͑iv͔͒ is the least contaminated, however, the CF x treated surface ͓panel ͑ii͔͒ is nearly free from modified Cu residues. In panel ͑i͒, the as received reference sample is shown. There is only a small satellite at ϳ942 eV suggesting only a low level of Cu͑II͒ oxidation. However, the O(1s) spectra seen in Fig. 11 suggest significant oxidation. We therefore conclude that the primary oxidation states are Cu͑I͒, Cu͑OH͒ 2 , and/or CuCO 3 . This is supported by the Cu͑OH͒ 2 peak at 934.75 eV and by native oxidation models found in the literature. 25, 32 The presence of carbon is also clear in the C(1s) panel of Fig. 11 . Panel ͑ii͒ of Fig. 12 represents the state of the copper surface after exposure to the CHF 3 plasma with ion bombardment. Note that we have reduced the intensity of the displayed spectrum by a factor of 2. Again, the characteristic Cu͑II͒ oxidation satellite at 942 eV is extremely small. Here, we also observe that the oxygen contributions at 933.5 ͑CuO͒ and 934.8 ͓Cu͑OH͒ 2 and/or CuCO 3 ͔ have become significantly diminished. A return to Fig. 11 will verify that the O(1s) peak is absent. Again, note the significant CF x overlayer in the absence of any significant Cu-F or Cu-C bonded species. After the copper surface, previously exposed to the CHF 3 plasma, has been exposed to an oxygen plasma, one immediately notices the significant characteristic Cu͑II͒ oxidation satellite. Also, the ratio of the 932.4 eV Cu peak to the 933.5 CuO peak has been greatly reduced. This state of the surface is supported by the O(1s) peaks seen in Fig. 11 . 13, 34, 35 Also of interest is the return of the Cu-F bonded species after the O 2 plasma treatment. This is apparent in the CuF 2 peaks seen in panel ͑iii͒, as well as the F(1s) spectrum in Fig. 11 . Possibly, this is due to the removal of carbon by the oxygen plasma and the reaction of the residual fluorine with the copper. Illustrated in panel ͑iv͒ is the final stage of the cleaning process studied here. The Cu sample has undergone treatments as in panel ͑iii͒, and then is subjected to an Ar ϩ sputter at 80 W. Note that the displayed intensity is only one sixth the measured intensity. This is clearly the cleanest sample, with a strong intensity and low levels of reacted Cu. There does, however, remain a small amount of carbon contamination.
Titanium nitride
Unlike the other films used in this part of our study, the TiN was thin enough ͑ϳ50 nm͒ so that changes in its thickness could be observed with the ellipsometer. It is the quasiinfinite response, at 632.8 nm, of the other three substrates investigated that allowed for a more accurate determination of the surface modifications during each stage in the processing sequence. Therefore these data must be interpreted differently than the analogous figures for Si, Al, and Cu, i.e., in such a way as to account for the etching of the TiN as well as the surface modification. The real-time evolution of the TiN in response to the processing is depicted in Fig. 13 . At time ͑a͒, a thick fluorocarbon layer is deposited in response to the ignition of a CHF 3 discharge. The removal of this layer then takes place upon applying the 200 W rf bias to the sample. Once this passively deposited CF x film is removed, the TiN begins to etch through a thin steady state reaction layer. At this point the plasma is extinguished. At time ͑c͒, a 1000 W O 2 plasma is ignited. A portion of the CF x damage layer is removed before the TiN begins to oxidize. The oxide layer is quite thin, as is the modified CF x layer. Finally, at time ͑d͒, with the O 2 plasma extinguished, an Ar plasma at 440 W is turned on and a rf bias of 80 W is quickly applied to the sample. After an initial optical response of the ellipsometer to the high pressure Ar discharge, the TiN surface is recovered, though there is an increase in delta due to the etching of the film. Each stage in this evolution is depicted in Fig. 14 terms of XPS spectra. The Appendix lists the relevant chemical shifts used in the fitting.
It is very difficult to resolve the chemical shifts in the Ti(2p) 3/2 spectrum due to the overlap of the TiO, TiN, and TiC binding energies. 13 Nevertheless, the Ti(2p) spectra have been magnified and are presented in Fig. 15 . Certain chemical shifts are identified in Fig. 15 , and the Appendix presents some values from literature. A linear background subtraction was used which has been shown to compare well with an integrated background correction. 39 In the case of the as received reference spectra, we see a strong TiO 2 component at 458.5 eV in addition to the TiN component at about 455.5 eV ͓the low binding energy shoulder of the Ti(2p) 3/2 peak͔. This is supported by the observed O(1s) and N(1s) emission intensities. In both of the latter peak shapes, an asymmetry is observed. In the case of the O(1s) spectra, the main peak at 529.9 eV is due to oxygen from Ti-O bonded species. 40 A slight shoulder on the high binding energy side of this main peak is observed, though we do not speculate as to its origin. We acknowledge the probable occurrence of oxynitride phases, but have not attempted to resolve their contributions. Also observed in the reference spectra are a C(1s) peak and a small F(1s) peak. Close inspection of the O(1s) spectrum reveals at least two main features: ͑1͒ a graphitic contribution at 284.3 eV, and ͑2͒ a CF x related peak at 287.95 eV. No C-Ti bonds are visible. In most of the N(1s) spectra, high binding energy asymmetries are observed. Other investigators have attributed these to absorbed N 2 and nitrosyl species. [41] [42] [43] After the TiN sample has been exposed to the ion bombardment of a CHF 3 discharge, several changes have taken place. There is clearly a CF x overlayer, as is seen in the strong CF x related species found in the C(1s) spectrum and supported by the F-C bonded species found in the F(1s) spectrum. The diminished intensity of the Ti(2p) spectrum also suggests the presence of an overlayer. The F(1s) spectrum is clearly made up of two features: ͑1͒ a 685.1 eV peak originating from Ti x F y species, and ͑2͒ the C 4 F 687.4 eV peak. There appears to be no carbon that is chemically bonded to the titanium. The strength of the Ti-F bonded species in the F(1s) spectrum coupled with the low O(1s) intensity suggests the Ti(2p) peaks near the characteristic TiO 2 binding energies are originating from TiF x contributions. This is consistent with values reported in the Appendix.
Following the O 2 plasma treatment of the CF x contaminated TiN sample, the surface is mostly TiO 2 , although the low binding energy shoulder of the TiN is still visible. This is reflected nicely in the heightened O(1s) and diminished N(1s) emission intensities. The fluorine is mainly due to Ti x F y species, although a small C-F related peak is observed. Again, we see no contribution of Ti-C bonds to the C(1s) spectra, but mainly a graphitic component.
In the final step, after the sample has been sputter cleaned with Ar ϩ , there is a return to the TiN surface. There is a clear Ti peak, as well as the TiN peak at its high energy shoulder. In this case, we assume that a portion of this intraspin-orbit region is also due to Ti-C bonds. This is supported by the O(1s) spectrum where there is clearly a TiC contribution. An oxide contribution can be seen on the low energy shoulder of the 2p 1/2 state.
An accurate determination of the modified surface layer thickness was not attempted in the case of TiN processing, due to the overlap of the etching dynamics observed with the ellipsometer. However, we estimate this layer to be quite thin, i.e., Ͻ2 nm. We have based this assumption on a simulation involving the etching of TiN either through a CF x layer or through a modified TiO 2 surface. The refractive index of the TiN used in the fitting was nϩikϭ1.5Ϫi2.00. 44, 45 The fluorocarbon overlayer is again nϭ1.5 and the TiO 2 was fitted using nϭ2.2. 45 When various thicknesses for the steady state modified CF x layer or the TiO 2 were introduced into the fitting routine as the top layer in a three layer model of Al/TiN/͑modified TiN͒, the correlation between the delta values at a given psi between the ideal TiN and overlayer and the dataset of the TiN etching and overlayer suggested such a thickness. Due to the complex chemical shifts and satellite presence in the Ti(2p) spectra, apparent thicknesses of the modified surface layers were not calculated from the XPS data.
The contamination due to atmospheric exposure of TiN is well documented. 7, 43, 46 The spectra obtain in our work are in good agreement for such a reference sample. After the sample has been exposed to the fluorocarbon plasma, a CF x overlayer is observed. Although quite a bit of fluorine has bonded to the titanium, the carbon has not. Rather, the carbon seems to be graphitic or part of the physisorbed CF x overlayer. The O 2 plasma treatment is quite efficient at removing the C-F bonded species, however, the surface TiN has been converted to TiO 2 . A significant amount of the fluorine incorporated in Ti x F y bonds has been removed, though a substantial amount remains. After the Ar ϩ sputter step, and only in this stage, the C(1s) spectrum reveals the emergence of TiC species. Also the fluorine incorporation in the film has been significantly reduced. The TiO 2 has been sputtered away and the surface has returned to primarily TiN.
B. Effect of cleaning on low-K dielectrics
In a successful cleaning procedure, the dielectric will be exposed to the O 2 plasma. Hence, the stability of the dielectric in this environment is a critical issue. To retain the etched profile, the dielectric must not etch significantly, nor should the dielectric constant increase. We investigated the stability of three oxide-like dielectrics in response to O 2 plasma exposure and compared the results with a conventional oxide.
SiO 2
The stability of thermally grown SiO 2 in an O 2 plasma environment is well known and we have confirmed this ellipsometrically. No change in refractive index was observed, even in the presence of residual CF x contaminants as found in an in situ cleaning procedure. In Fig. 16 , XPS spectra, taken at normal electron emission, are presented which also support the stability of the dielectric. The different curves represent the unprocessed reference oxide and the state of the SiO 2 after O 2 plasma exposure. The small F(1s) signal visible after processing is attributed to the residual fluorine in the reactor.
Stoichiometries of the SiO 2 were referenced to a Si:O ratio of 1.0:2.0 for the observed normal emission intensities of the Si(2p) and O(1s) peaks. After processing in the O 2 plasma, the stoichiometric ratio of silicon to oxygen remained SiO 2 .
The reference spectrum had a Si(2p) FWHM of 1.8 eV, while the processed oxide was 1.9 eV. This is also consistent with the uptake of residual fluorine from the reactor.
SiOF
The ellipsometric response of the SiOF during O 2 plasma exposure is shown in Fig. 17 . The top panel displays data obtained during an in situ plasma clean, i.e., immediately following the fluorocarbon plasma exposure. Initially, the sample is exposed to a 1400 W CHF 3 plasma. This results in the deposition of a thick CF x layer. After considerable growth ͑Ͼ200 nm͒, the discharge is extinguished and the system evacuated. Then a 1000 W O 2 plasma is ignited, and the CF x layer etches back, ultimately reaching the starting point. Once the SiOF surface has been recovered, slight deposition is observed, but this deposition is consistent with the formation of an oxide. We attribute this to the erosion of the quartz coupling window that separates the discharge region from the inductive coil. In any case, the refractive index, and hence the dielectric constant, remains constant during this exposure. In a dedicated chamber environment ͑reactor free from CF x contamination͒, as seen in the bottom panel of Fig. 17 , the refractive index again remains constant throughout the O 2 plasma exposure. Noting the magnified ordinate, we also see the sputter deposition from the coupling window is eliminated. XPS measure O 2 plasma exposure. These results are presented in Fig. 18 . Consistent with the ellipsometrically observed stability of these films, no modification is seen. Characteristic in both samples is the SiO 2 peak from the Si(2p) core level at 103.4 eV.
The stability of the SiOF under exposure to a O 2 plasma environment can be attributed to the fact that these films are compositionally close to SiO 2 . Fits of the XPS spectra as seen in Fig. 18 yield a stoichiometry of SiO 1.9 for the reference sample (FWHMϭ2.1 eV) and the SiO 2 for the O 2 plasma exposed (FWHMϭ2.1 eV).
HSQ
When HSQ is exposed to the O 2 plasma environment, an increase in refractive index is observed. This increase should correspond to an increase in the dielectric constant. The increase in refractive index is consistent with the loss of hy- drogen from the film and is observed both for an in situ clean and in a dedicated chamber configuration. These results are illustrated in Figs. 19͑a͒ and 19͑b͒ , respectively. After the in situ clean, a significant etch of the dielectric takes place through the fluorocarbon film, before the bare HSQ is recovered. The duration of the O 2 plasma exposure was 300 s, and in this time, the refractive index increased by ⌬nϭϳ0.1. Figure 20 shows the surface analysis of the HSQ before and after a dedicated chamber O 2 plasma clean. The increase of the 103.4 eV SiO 2 peak in the Si(2p) spectrum and O(1s) peak area suggest the increase of Si-O bonding at the expense of the Si-H bonds, and is therefore consistent with the hydrogen loss model. Further support for this notion is the modification in stoichiometry of the films as calculated from the XPS spectra presented in Fig. 20 . The reference sample was observed to have a stoichiometry of SiO 1.7 , while after processing it was measured to be SiO 2 . Also the fit of the Si(2p) spectra after processing had a FWHM 0.2 eV less than the reference sample (FWHMϭ2.6 eV). This suggests that the unresolved Si-H bonds, which were contributing to the FWHM, have been broken. These trends all suggests that during processing, hydrogen is lost from the dielectric. In order to determine the depth of this modification, we sputtered a modified HSQ sample with Ar ϩ , and noted the recovery of the refractive index versus depth. After the O 2 plasma modification, the refractive index increased by ⌬n ϭϩ0.11. After 75 nm the HSQ was removed by the ion bombardment, the index was observed to increase by an additional 0.1. After approximately 300 nm of the dielectric was sputtered away, a change of ⌬nϭϩ0.05 from the initial refractive index was observed. From this we conclude that the modification is extremely deep into the HSQ.
MSQ
We also observed an instability of MSQ in the O 2 plasma cleaning environment. Ellipsometric evidence of this is presented in Fig. 21 , where again, panel ͑a͒ represents the in situ clean and panel ͑b͒ the dedicated chamber configuration. Etching through the fluorocarbon film is again observed in panel ͑a͒. During an in situ resist strip and via clean, this etching results in a tapering of the sidewall profile at the dielectric-photoresist interface. This degradation, as well as the residual sidewall veils, is illustrated in Fig. 22 . Panels ͑a͒ and ͑b͒ show structures etched in SiOF before and after the O 2 cleaning step, respectively. The stability of the SiOF as presented in Sec. III B 2 is manifested in the unmodified sidewalls. Panels ͑c͒ and ͑d͒ show the results of the same process for MSQ. Although the veils along the sidewalls are clearly visible in the MSQ etched structure after the O 2 plasma clean, they also exist along the patterned SiOF. This is shown in Fig. 23 . Here, the dielectric was removed after the cleaning treatment using a diluted HF solution. All that remains on the sample surface are the insoluble veils, which for SiOF are depicted in panel ͑a͒ and for MSQ in panel ͑b͒. Referring back to Fig. 21 and the response of the blanket samples, we see that during the 300 s O 2 plasma exposure, the refractive index has increased by ⌬nϭϳ0.1. XPS spectra illustrating this modification are presented in Fig. 24 . A strong reduction in the C(1s) spectra and increase in the observed SiO 2 is consistent with the increase in refractive index observed in Fig. 21 . The small F(1s) signal visible after processing is again attributable to the residual fluorine in the reactor. Fits of the MSQ Si(2p) and O(1s) spectra both before and after processing yielded stoichiometries consistent with the evolution towards a more SiO 2 -like film. For the unprocessed reference sample, we observed a Si(2p):O(1s) peak area ratio of 1.0:1.7 with a FWHM of 2.1 eV. After O 2 plasma exposure, the ratio became 1.0:2.0, while the FWHM slightly lessened to 2.0 eV. An Ar ϩ sputter was used to determine the depth of the MSQ modification. In this case, the O 2 plasma exposure also resulted in an increase of the refractive index of ⌬nϭϩ0.11. After about 75 nm of sputtering, we see a slight return towards the original refractive index (⌬nϭϩ0.10). After almost 300 nm removal, the refractive index is within ⌬nϭϩ0.04 of the initial value. From this result and the analogous result for HSQ, we conclude that the depth of the HSQ modification is noticeably greater than that of MSQ. This is consistent with expected diffusion coefficients for hydrogen and carbon through an oxide-like film.
IV. CONCLUSIONS
The contamination after a simulated fluorocarbon overetch of various low-K oxide-like dielectrics has been characterized and the efficiency of a two step cleaning process has been evaluated for various substrates.
Using silicon as a comparison, we have found the efficiency of the cleaning process to be quite good, especially in the cases of TiN and Cu. In the case of copper, there is a lack of reacted metal after fluorocarbon plasma exposure. Only after the subsequent O 2 plasma treatment are Cu-F bonds observed.
The stability of the dielectrics to the O 2 plasma environment is dependent on their chemical makeup. SiOF, as SiO 2 , exhibited good stability while HSQ and MSQ were significantly modified. We have presented evidence that this modification is due to the removal of the hydrogen or the carbon atoms. We have also provided evidence that the depths of these modifications are extremely deep into the dielectric. We are currently investigating various cleaning chemistries that can maintain the integrity of the HSQ and MSQ, as well as other novel dielectrics.
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APPENDIX: RELEVANT BINDING ENERGIES FOR XPS SPECTRA AND CHEMICAL SHIFTS USED IN THIS WORK
